Most eukaryotic mRNAs are translated using a cap-dependent mechanism of translation. However, ;10% of mammalian mRNAs initiate translation using a cap-independent mechanism that is not well understood. These mRNAs contain an internal ribosome entry site (IRES) located in the 59 untranslated region. The cricket paralysis virus (CrPV) intergenic region IRES (IGR IRES) functions in yeast, mammals, and plants, and does not require any translation initiation factors. We used yeast genetics to understand how ribosomes are recruited directly to the mRNA by an IRES. We found that Rps25p has an essential role in CrPV IGR IRES activity in yeast and mammalian cells but not in cap-dependent translation. Purified 40S ribosomal subunits lacking Rps25 are unable to bind to the IGR IRES in vitro. The hepatitis C virus (HCV) IRES also requires Rps25, demonstrating the function of Rps25 is conserved across IRES types. Yeast strains lacking Rps25 exhibit only slight defects in global translation, readthrough, ribosome biogenesis, and programmed ribosomal frameshifting. This work is the first demonstration of a ribosomal protein that is specifically required for IRES-mediated translation initiation. Our findings provide us with the beginnings of a model for the molecular interactions of an IRES with the ribosome. Protein synthesis in eukaryotes is highly regulated both globally and in an mRNA-specific manner. The vast majority of eukaryotic mRNAs are translated in a capdependent manner, which requires multiple initiation factors to recruit the 40S ribosomal subunit to the 59 end of the message. Briefly, eIF4A, eIF4G, and eIF4E bind to the 59 m7 GpppN cap structure and recruit the 43S preinitiation complex, which consists of eIF3, eIF1, eIF1A, eIF5, and the ternary complex (Met-tRNA i , eIF2, and GTP) bound to the 40S small ribosomal subunit. The 48S preinitiation complex then scans the mRNA in the 59-to-39 direction until the AUG start codon is positioned in the peptidyl site (P site) of the 40S ribosomal subunit. At this point, GTP hydrolysis is triggered and eIF2 is released, along with other initiation factors. Then, eIF5B facilitates joining of the 60S ribosomal subunit and the second GTP is hydrolyzed to transition into the elongation phase. Under various cellular stresses or during viral infection, cap-dependent translation is globally repressed, and mRNAs that contain internal ribosome entry sites (IRESs) can be translated using a cap-independent mechanism of initiation (Sonenberg and Hinnebusch 2009). IRESs were originally discovered in picornaviruses 20 years ago, and since then they have been found in numerous other viral and cellular mRNAs (Bushell and Sarnow 2002; Spriggs et al. 2008 ). Viral IRESs can be generally grouped into four categories based on the number of canonical initiation factors and IRES trans-acting factors (ITAFs) that they require, as well as the placement and codon usage of the start site. Type I picornavirus IRESs require ITAFs, several canonical initiation factors, and initiator Met-tRNA i , and have an AUG start codon downstream from the IRES. Type II picornavirus IRESs require ITAFs and initiation factors; however, the 40S subunit is recruited directly to the AUG start site without scanning. The hepatitis C virus (HCV)-like IRESs recruit the 40S directly to the AUG start codon and only use a subset of initiation factors (eIF3 and eIF2). The last group of IRESs, the Dicistroviridae intergenic region IRESs (IGR IRESs), are able to form 80S initiation complexes with a non-AUG start codon positioned in the A site of the ribosome in the absence of any initiation factors or initiator tRNA (Kieft 2008) . The structures of IRESs are extremely diverse. ITAFs are thought to stabilize active conformations of the IRES for ribosome recruitment, rather than directly recruiting the ribosome. Although the secondary or tertiary structures and the cellular factors of many viral IRESs have been determined, the molecular mechanism of how an IRES recruits the ribosome to an mRNA remains unknown.
Protein synthesis in eukaryotes is highly regulated both globally and in an mRNA-specific manner. The vast majority of eukaryotic mRNAs are translated in a capdependent manner, which requires multiple initiation factors to recruit the 40S ribosomal subunit to the 59 end of the message. Briefly, eIF4A, eIF4G, and eIF4E bind to the 59 m7 GpppN cap structure and recruit the 43S preinitiation complex, which consists of eIF3, eIF1, eIF1A, eIF5, and the ternary complex (Met-tRNA i , eIF2, and GTP) bound to the 40S small ribosomal subunit. The 48S preinitiation complex then scans the mRNA in the 59-to-39 direction until the AUG start codon is positioned in the peptidyl site (P site) of the 40S ribosomal subunit. At this point, GTP hydrolysis is triggered and eIF2 is released, along with other initiation factors. Then, eIF5B facilitates joining of the 60S ribosomal subunit and the second GTP is hydrolyzed to transition into the elongation phase. Under various cellular stresses or during viral infection, cap-dependent translation is globally repressed, and mRNAs that contain internal ribosome entry sites (IRESs) can be translated using a cap-independent mechanism of initiation (Sonenberg and Hinnebusch 2009) . IRESs were originally discovered in picornaviruses 20 years ago, and since then they have been found in numerous other viral and cellular mRNAs (Bushell and Sarnow 2002; Spriggs et al. 2008 ). Viral IRESs can be generally grouped into four categories based on the number of canonical initiation factors and IRES trans-acting factors (ITAFs) that they require, as well as the placement and codon usage of the start site. Type I picornavirus IRESs require ITAFs, several canonical initiation factors, and initiator Met-tRNA i , and have an AUG start codon downstream from the IRES. Type II picornavirus IRESs require ITAFs and initiation factors; however, the 40S subunit is recruited directly to the AUG start site without scanning. The hepatitis C virus (HCV)-like IRESs recruit the 40S directly to the AUG start codon and only use a subset of initiation factors (eIF3 and eIF2). The last group of IRESs, the Dicistroviridae intergenic region IRESs (IGR IRESs), are able to form 80S initiation complexes with a non-AUG start codon positioned in the A site of the ribosome in the absence of any initiation factors or initiator tRNA (Kieft 2008) . The structures of IRESs are extremely diverse. ITAFs are thought to stabilize active conformations of the IRES for ribosome recruitment, rather than directly recruiting the ribosome. Although the secondary or tertiary structures and the cellular factors of many viral IRESs have been determined, the molecular mechanism of how an IRES recruits the ribosome to an mRNA remains unknown.
The cricket paralysis virus (CrPV) IGR IRES is ;180 nucleotides (nt) long, and in vitro it is able to bind directly to 40S subunits followed by recruitment of the 60S subunit to assemble translationally competent 80S ribosomes. It is able to initiate translation in vivo in both yeast and mammalian cells (Wilson et al. 2000 ; Thompson et al. 2001; Deniz et al. 2009 ). Thus, it serves as a good model for IGR IRES interactions with the ribosome. The IGR IRES (Fig. 1) consists of three pseudoknot structures (PKI, PKII, and PKIII) . Areas with the highest sequence conservation across the Dicistroviridae family (Fig. 1 , see capitalized nucleotides) are located in the loop regions and have been predicted to interact directly with the ribosome. Stem-loop 2.1 (SL2.1), SL2.3, and PKIII are believed to be responsible for 40S subunit recruitment based on mutational analysis of the stem-loops, which leads to a reduction in translation and 40S complex formation (Jan and Sarnow 2002; Costantino and Kieft 2005) . Crystallization and cryo-electron microscopy (cryo-EM) studies of the IGR IRES revealed that the IRES forms a tightly packed core from which SL2.1 and SL2.3 protrude adjacent to one another to contact the 40S ribosome (Spahn et al. 2004b; Pfingsten et al. 2006; Schuler et al. 2006; Costantino et al. 2008) . PKII and the bulge region are predicted to interact with the 60S subunit (Schuler et al. 2006) . PKI is positioned in the P site of the ribosome to initiate translation at the adjacent codon positioned in the A site (Wilson et al. 2000) .
Here we use a yeast experimental system to show that ribosomal protein S25 (Rps25) in the 40S subunit is required for CrPV IGR IRES-mediated translation in vivo. We determined that the IGR IRES activity was impaired due to its inability to recruit 40S subunits that lacked Rps25. It is of great significance that we detected only minor defects in cap-dependent translation or fidelity, suggesting that Rps25 may impart a specialized function to the ribosome. In addition, we show that Rps25 is also required for the HCV IRES, demonstrating a conservation of function for Rps25 across divergent IRESs. Our results provide a novel function for Rps25 and the first molecular mechanism for the role of a ribosomal protein in the initiation step of two different viral IRESs.
Results

Rps25 is essential for IRES activity
Two lines of evidence suggest that Rps25 may interact with the IGR IRES. First, Rps25 cross-links to the Plautia stali intestine virus (PSIV) IGR IRES in vitro (Nishiyama et al. 2007 ). Second, the cryo-EM model of the CrPV IGR IRES bound to 80S ribosomes predicts that SL2.1 interacts with Rps5 and SL2.3 interacts with an adjacent protein density that has no prokaryotic homolog (Schuler et al. 2006) . The identity of this adjacent protein may be Rps25, since cross-linking experiments with eukaryotic ribosomes identified Rps25 as being in close proximity to Rps5 (Uchiumi et al. 1981) .
To determine whether Rps25p could be involved in CrPV IGR IRES activity in vivo, we generated a yeast knockout strain for RPS25. Similar to most ribosomal proteins in Saccharomyes cerevisiae, RPS25 is duplicated in the genome. The genes encode proteins Rps25a and Rps25b, which differ only by one amino acid at the C-terminal end. We mated rps25aD and rps25bD haploids to obtain diploids. Sporulation of the diploids and dissection of the tetrads consistently resulted in two colonies that grew at wild-type growth rates and two colonies that grew more slowly (Fig. 2) . RPS25A and RPS25B deletions were confirmed by both PCR and Southern analysis (data not shown), demonstrating that, in agreement with previous studies, Rps25p is not an essential protein in S. cerevisiae (Ferreira-Cerca et al. 2005) . RPS25A accounts for ;66% of the Rps25p in the cell (Ghaemmaghami et al. 2003) , which may explain why deletion of RPS25B did not result in any defect in cell growth. A plasmid expressing RPS25A was able to rescue the growth defects of rps25aD and rps25aDbD strains (Fig. 2B) .
To determine if Rps25 is required for IRES-mediated translation in vivo, a dicistronic reporter containing the CrPV IGR IRES inserted between Renilla and firefly luciferase ORFs was transformed into wild-type and mutant yeast strains (Fig. 3A) . Since the CrPV IGR IRES initiates at an alanine codon rather than an AUG methionine codon, we deleted the AUG start codon of the The conserved nucleotides across the type I IGR IRESs in the Dicistrovirdae family are capitalized. There are three pseudoknots (PKI, PKII, and PKIII) (Hellen and Sarnow 2001; Kanamori and Nakashima 2001; Jan and Sarnow 2002) . PKI is positioned in the P site and translation initiation begins in the A site of the ribosome (Wilson et al. 2000) . Disruption of the PKI (IGRmut) completely abolishes all IRES activity. Stem-loop 2.1 (SL2.1) has been predicted to interact with Rps5 in structural models and Rps25 by biochemical cross-linking studies. (Spahn et al. 2004b; Schuler et al. 2006; Nishiyama et al. 2007 ). SL2.3 has been predicted to interact with an unidentified eukaryotic ribosomal protein that is not conserved in prokaryotes (Spahn et al. 2004b ).
firefly luciferase ORF to eliminate expression of active firefly luciferase from transcripts generated by cryptic promoters (Deniz et al. 2009 ). Firefly luciferase activity is sensitive to N-terminal truncations, such that deletion of amino acid residues 3-10 decreases firefly luciferase activity to 0.1% of wild-type levels (Sung and Kang 1998) . Therefore, by deleting the initiating AUG codon, any transcripts generated from cryptic promoters that could use a cap-dependent mechanism to initiate translation will result in no firefly activity, since the next inframe AUG codon is 29 codons downstream. Furthermore, the CrPV IGR IRES is active in wild-type yeast strains, while the inactive IGRmut that disrupts the basepairing in PKI does not have any IRES activity ( Fig. 3B ; Deniz et al. 2009 ). We found that the rps25bD strain has similar IGR IRES activity to the wild type. In contrast, the rps25aD strain exhibits ;40% IRES activity, while the rps25aDbD mutant strain has virtually no IRES activity, at 2.3% of wild type. When RPS25A is expressed from a plasmid, IRES activity is restored to wild-type levels for both the rps25aD and rps25aDbD strains (Fig. 3B,C) . In contrast, cap-dependent translation is not affected by the lack of Rps25 (Fig. 3C , Renilla RLUs). Taken together, these results suggest that the IGR IRES activity but not cap-dependent translation is dependent on the Rps25 protein.
The lack of IGR IRES activity in the rps25aDbD strain could be caused by either a failure of the IRES to recruit the 40S subunit, or a failure in some other downstream process, such as 60S subunit joining or pseudotranslocation. The IGR IRES has been shown to bind to purified 40S subunits, followed by recruitment of the 60S subunit to form 80S complexes in vitro (Wilson et al. 2000; Jan et al. 2003; Pestova and Hellen 2003) . To determine if the decrease in IRES activity was due to an inability of the IRES to bind 40S subunits, native gel shifts were performed with radiolabeled CrPV IGR IRES RNA and purified 40S ribosomal subunits from either wild-type, rps25aDbD, or rps25aDbD + pS25A yeast strains. The IGR IRES RNA was able to bind to wild-type 40S subunits with a dissociation constant of 5.5 nM, which is also evidenced by the shift in mobility of the radiolabeled RNA (Fig. 4, top) . However, when Rps25p was absent, the ability of the IGR IRES RNA to bind the 40S subunits was severely impaired even at the highest concentrations of 40S subunits (Fig. 4, middle) . When Rps25 is expressed from a plasmid, binding of the IGR IRES to 40S subunits is restored (Fig. 4, bottom) . In the rps25aDbD + pS25A gel shift, we observed the formation of 80S complexes (Fig. 4 , Transcription of the dicistronic reporter is under the control of the PGK1 promoter. Renilla luciferase is translated by a cap-dependent mechanism, and firefly expression is dependent on a functional IGR IRES. The first AUG of the firefly luciferase coding region has been deleted to ensure that the firefly luciferase activity is solely dependent on a functional IGR IRES, which does not require an AUG start codon for initiation (Deniz et al. 2009 ). (B) A graph representing the IRES activities of wild-type and Rps25 deletion strains with and without the pS25A rescue plasmid transformed with a dicistronic reporter harboring the wild-type (gray bars) or the IGRmut (white bar) IGR IRES. The firefly luciferase values are normalized to Renilla luciferase values as an internal control, and are expressed as a percentage of activity with the CrPV IGR IRES in wild-type yeast arbitrarily set to 100%. Data values are given for each yeast strain, and standard error is indicated for n = 3. (C) Renilla and firefly luciferase values for B; standard error is indicated for n = 3. asterisk) due to some contaminating 60S subunits in the 40S preparation. A gel of the ribosomal RNA (rRNA) isolated from the purified subunits demonstrated that the rRNA is intact (data not shown), indicating the lack of 40S subunit binding by the rps25aDbD ribosomes is due to the absence of Rps25 protein and not the degradation of the subunits. These binding assays are consistent with the IGR IRES activity determined in vivo, where the rps25aDbD yeast resulted in no IRES activity (Fig. 3 ). Both IRES activity and 40S ribosomal subunit binding were rescued to wild-type levels when Rps25 was expressed from a plasmid. Thus, deletion of Rps25 in S. cerevisiae essentially eliminates IGR IRES activity in vivo due to the inability of the IRES to recruit 40S subunits.
Rps25 deletion has only slight effects on global translation and ribosome fidelity
Since knockout of the RPS25 genes results in a dramatic decrease in IRES-mediated translation, we wanted to determine whether Rps25 was required for any other ribosomal functions. We performed a polysome analysis on wild-type, rps25aD, rps25bD, and rps25aDbD yeast (Fig.  5A ). All of the deletion strains had a similar polysome profile and polysome to monosome ratio. Since we observe no decrease in the polysome fractions, deletion of one or both copies of Rps25 does not cause a significant defect in global translation initiation. This is consistent with what has been shown previously (Ferreira-Cerca et al. 2005) . These results are also consistent with the observation that the Renilla luciferase activity was similar to wild-type activity in all of the deletion strains. To more carefully evaluate the effects of Rps25 deletion on global protein synthesis, we performed 35 S-methinione incorporation assays. These results indicate that the rps25aDbD strains exhibit a slight decrease (19%) (Fig. 5B ) in global protein synthesis relative to the wild-type strain. The amounts of 40S and 60S subunits appear to be similar in all strains, suggesting no defect in ribosome biogenesis. To more carefully evaluate this, we carried out pulse-chase experiments on wild-type and rps25aDbD strains (Fig. 5C ). The appearance of the fully processed 25S and 18S rRNA species are slightly delayed in the double-deletion mutant. However, there is no apparent accumulation of pre-rRNA species, and the amounts of 25S and 18S rRNA appear to be similar between the wild-type and rps25aDbD strains. The slight decrease observed in the protein synthesis rate or the delayed rRNA biogenesis rate could contribute to the observed slow-growth phenotype.
To determine whether ribosomes lacking Rps25p exhibited an increase in translational errors, we examined readthrough of stop codons, miscoding, and programmed ribosomal frameshifting (PRF). We measured the efficiency of stop codon recognition using dual luciferase readthrough reporters (Fig. 5D , top). Translation termination is dependent not only on the stop codon, but also on the surrounding context; in particular, the nucleotide directly following the stop codon (tetranucleotide termination signal) (Bonetti et al. 1995) . We assayed the percent readthrough in wild-type, rps25aDbD, and rps25aDbD with pS25A strains using dual luciferase readthrough reporters with either an adenosine or a cytosine as the following nucleotide for each of the three stop codons. We observed that the rps25aDbD strain exhibited an increase in stop codon recognition as compared with the wild-type strain for all of the tetranucleotide stop codons tested (Fig. 5D) . Importantly, the pS25A rescue plasmid returned readthrough to the wild-type levels. The consistent decrease we observed in readthrough suggests that this is a general phenomenon that is not specific to any particular stop codon.
In addition to readthrough, we also examined the effect of RPS25 deletion on PRF. Frameshifting can occur when specific signals in the mRNA induce the ribosome to change reading frames in the 39 direction (+1 PRF) or in the 59 direction (À1 PRF) (Namy et al. 2004; Brierley and Dos Ramos 2006; Giedroc and Cornish 2009) . Frameshifting is triggered by two elements: a slippery sequence where tRNA movement or misalignment is favored, and a stimulator element that enhances the process by causing a ribosomal pause. To determine if deletion of RPS25 has any affect on programmed ribosomal frameshifting, we used dual luciferase reporters that contain one of four viral PRF signals (L-A, HIV, Ty1, and Ty3), inserted into the region between Renilla and firefly luciferase ORFs (Fig. 5E, top; Harger and Dinman 2003) . L-A and HIV are both programmed À1 ribosomal frameshift signals, and our data show no difference between wild-type and rps25aDbD ribosomal frameshift values (Fig. 5E ). However, there is an increase in frameshifting in the rps25aDbD strain for the Ty1 +1 PRF signal and a slight increase for the Ty3 +1 PRF signal (Fig. 5E ). Ty1 +1 frameshifting occurs at a 7-nt sequence in the Ty retrotransposon because of a ribosomal pause at an AGG codon in the A site of the ribosome. The availability of tRNA to decode the AGG codon is low, causing a pause and subsequent mRNA slippage. The amount of +1 Figure 4 . The CrPV IGR IRES is unable to bind to 40S ribosomal subunits that lack Rps25. Increasing concentrations of 40S ribosomal subunits from wild-type (top) and rps25aDbD yeast strains with (bottom) and without (middle) the pS25A rescue plasmid were incubated with radiolabeled wild-type CrPV IGR IRES RNA. The asterisk indicates 80S complexes, from contaminating 60S subunits. (Right) The dissociation constant (K d ) was determined independently by filter-binding assays. The standard error for n = 3 is indicated.
frameshifting in the rps25aDbD strain is still within the range of what has been reported for wild-type S. cerevisiae cells (Belcourt and Farabaugh 1990) , although it is notable that this signal is nearly doubled in rps25aDbD cells compared with wild type. Importantly, wild-type rates of frameshifting were restored when the pS25A rescue plasmid was present in the rps25aDbD strain. Last, we examined miscoding using a dual luciferase miscoding reporter that contains a detrimental histidine-to-arginine mutation at codon 245 in the firefly luciferase ( Fig. 5F , top; Salas-Marco and Bedwell 2005). Misincorporation of an amino acid at this position results in an increase in firefly luciferase activity. We did not observe any difference in misincorporation between the wild-type and rps25aDbD strains (Fig. 5F, bottom) . Taken together, these results suggest that, in general, the ribosome is functional and deletion of Rps25p from the 40S subunit does not result in significant defects in ribosomal functions. This is in sharp contrast to its role in IGR IRES-mediated translation, where Rps25p is absolutely required for activity and binding to the 40S subunit.
The function of Rps25 in IRES-mediated translation is conserved in mammals
Since the IGR IRES functions to initiate translation with ribosomes from a variety of organisms, such as plants, mammals, and yeast, we wanted to determine whether the function of Rps25p in IGR IRES-mediated translation was conserved in mammalian cells. RPS25 is present in only one copy in the genome in mammals, and it is 47% identical and 71% similar to the yeast RPS25A. We used an siRNA against the RPS25 mRNA to knock down expression of the Rps25 protein in HeLa cells. We were able to achieve a 75% decrease in RPS25 mRNA (Fig. 6A) . To determine whether Rps25 knockdown had any effect on IGR IRES activity in mammalian cells, we transfected a dicistronic luciferase reporter containing the CrPV IGR IRES in the intercistronic region (Fig. 6B ). We observed a 60% decrease in IGR IRES-mediated translation when Rps25 was knocked down (Fig. 6C ). This level of inhibition is equivalent to the inhibition we observed in the rps25aD strain (Fig. 3) , which corresponds to a 66% decrease in top) A diagram of the readthrough dual luciferase reporter. Readthrough efficiency was measured for the wild-type, rps25aDbD, and rps25aDbD with the pS25A strains harboring a reporter with a tetranucleotide stop codon as indicated. The fold change between the wild-type and rps25aDbD strains are indicated below each tetranucleotide. Standard error is indicated for n = 4. (E, top) Diagram of the programmed ribosomal frameshifting reporters. Frameshifting efficiencies for each reporter were tested in the following strains: wild-type, rps25aDbD, or rps25aDbD with the pS25A plasmid. Standard error is indicated for n = 3. (F) Miscoding for the wild-type, rps25aDbD, or rps25aDbD with the rescue plasmid (pS25A) strains was measured using a dual luciferase reporter with a mutation in the firefly ORF. The percent miscoding is indicated above each bar of the graph and standard error is indicated for n = 4.
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Cold Spring Harbor Laboratory Press on August 27, 2017 -Published by genesdev.cshlp.org Downloaded from the Rps25 protein in the cell (Ghaemmaghami et al. 2003) . Also in agreement with our experiments in yeast, we did not observe a significant decrease in cap-dependent translation (Fig. 6D) when Rps25 was knocked down. We were unable to confirm knockdown of the Rps25 protein due to the lack of an adequate antibody. However, since we do observe a decrease in both RPS25 mRNA and IGR IRES-mediated translation, we believe that the protein levels were also affected, although we are unable to determine to what extent. We conclude that Rps25 is also required for IGR IRES function in mammalian cells.
To determine whether Rps25 is required for other IRESs, we analyzed the effects of Rps25 depletion on the HCV IRES. We transfected either control or RPS25 siRNAs into HeLa cells to knock down Rps25 (Fig. 6E) . Then, 24 h later, we transfected the HCV IRES dicistronic reporter (Fig. 6F ) and assayed for IRES activity. When RPS25 mRNA was knocked down, we observed a dramatic decrease in HCV IRES activity, suggesting that Rps25 is also required for the HCV IRES (Fig. 6G ).
Discussion
Our data suggest a novel role for Rps25 in IRES-mediated translation. Specifically, in this study we demonstrate that the small ribosomal subunit protein Rps25 is essential for CrPV IGR IRES activity in yeast and mammals. Additionally, we determined that deletion of Rps25 prevents the binding of the IRES to the 40S subunit. It is of significance that, to date, no one has been able to identify any other ribosomal functions that are greatly impacted by depletion of Rps25 (Ferreira-Cerca et al. 2005; Robledo et al. 2008 ). Previously, it was determined that Rps25 is a nonessential yeast protein that, when deleted, results in a slight delay in 18S rRNA processing but has no defect in ribosome export from the nucleus (Ferreira-Cerca et al. 2005) . In addition, we demonstrated that deletion of RPS25 does not significantly affect miscoding, or programmed À1 frameshifting, although there is a small improvement in translation termination efficiency and an increase in +1 programmed frameshifting. We observed a minor decrease in global translation. Furthermore, Rps25p is highly conserved between mammals and yeast, and we observed a significant decrease in IGR IRES and HCV IRES-mediated translation in mammalian cells when Rps25 was knocked down. Taken together, these data suggest that Rps25p function is absolutely required for the functioning of two viral IRESs.
Role of Rps25 as a ribosomal protein
Rps25 lacks a prokaryotic homolog, so its exact location on the ribosome is unknown. However, biochemical and structural data suggest its likely location within the 40S subunit. Cross-linking data indicate that it is adjacent to Rps5 (Uchiumi et al. 1981) , which lies in the E site of the 40S ribosome and contacts the E site tRNA (Wower et al. 1993; Doring et al. 1994; Yusupov et al. 2001) . Based on trypsin digests of the 40S subunit, Rps25 is digested first along with other surface proteins and before Rps5, which suggests that Rps25 lies closer to the surface than Rps5 (Marion and Marion 1988) . The Cryo-EM model of the IGR IRES bound to the 80S ribosome predicts that SL2.1, which occupies the E site of the ribosome, interacts with Rps5, and that SL2.3 interacts with an unidentified ribosomal protein, RpsX (Schuler et al. 2006) . RpsX is adjacent to Rps5 and lacks a prokaryotic homolog, suggesting that RpsX could be Rps25. Surprisingly, in cross-linking experiments, SL2.1 interacted with Rps25 and there was no cross-linking detected to Rps5 (Nishiyama et al. 2007 ). However, these data are not necessarily inconsistent with the cryo-EM model. Since SL2.3 and SL2.1 lie close together in space, it is possible that an extension of Rps25 comes in close proximity to SL2.1. Additionally, proteins cross-linked to SL2.3 would not have been detected in the previous study because the cross-linking was performed by incorporating thio-uracil into the PSIV IGR IRES, and SL2.3 lacks uracil residues (Nishiyama et al. 2007 ). In the cryo-EM model of the IGR IRES bound to 40S yeast ribosomes, there is an unassigned density, RpsX, that contacts SL2.3 and lies next to Rps5 on the surface of the ribosome (Fig. 7) . We propose a model in which Rps25 occupies this density and contacts both SL2.3 and SL2.1. Given this model, if Rps25 is not associated with the 40S ribosome (rps25aDbD), then SL2.3 would not have a binding partner. This would greatly decrease the affinity of the CrPV IGR IRES for the 40S subunit, as we observed in our binding studies (Fig. 4) . While further experiments will be required to verify the location of Rps25 on the ribosome, our model suggests a general mechanism to explain the inability of the CrPV IGR IRES to bind to, and initiate translation in, Rps25-deficient ribosomes. Specifically, the IGR IRES interacts directly with Rps25 and, when Rps25 is absent, the IRES is unable to make this contact and is thus unable to bind to the 40S subunit.
The HCV IRES also binds directly to 40S ribosomal subunits. Domain 2 binds to the tRNA exit channel on the intersubunit side of the 40S, while the remainder of the IRES contacts the solvent-exposed side (Spahn et al. 2001; Boehringer et al. 2005) . This is in contrast to the CrPV IGR IRES, which binds entirely on the intersubunit side of the 40S, occupying the P and E sites (Schuler et al. 2006 ). However, both IRESs introduce similar conformational changes in the 40S subunit (Spahn et al. 2001 (Spahn et al. , 2004b . Interestingly, it is domain 2 of the HCV IRES that mediates the conformational change, interacts with Rps5, and occupies the E site, suggesting that HCV and the IGR IRESs may share some mechanisms for 40S binding. Since Rps5 is positioned close to Rps25 (Uchiumi et al. 1981) , both viral IRESs occupy a region of the ribosome that is consistent with interactions with Rps25.
The function of Rps25 in the ribosome has remained elusive, since ribosomes lacking Rps25 demonstrate little to no defects in ribosome function (Fig. 5; Ferreira-Cerca et al. 2005; Robledo et al. 2008 ). However, human RPS25 and yeast RPS25A are highly conserved (47% identical and 71% similar at the amino acid level), suggesting that the function of Rps25 is important to the organism. Rps25 is hypothesized to be adjacent to Rps5, which is localized to the E site of the ribosome and interacts with the E site tRNA (Wower et al. 1993; Doring et al. 1994; Yusupov et al. 2001) . If Rps25 is also localized to the E site of the ribosome, it may participate in binding the E site tRNA. There are two models that address the significance of E site tRNA binding on the ribosome (Semenkov et al. 1996; Nierhaus 2006 ). The first model suggests that transient E site binding of the tRNA as it leaves the P site promotes translocation by lowering the energetic barrier for tRNA release from the ribosome (Semenkov et al. 1996) . This model predicts that if Rps25 participates in E site tRNA binding, ribosomes lacking Rps25 would have a slower rate of translocation. Future biochemical studies will be required to test this. An alternative model suggests that codon-anticodon interaction in the E site is essential for maintaining the reading frame (Nierhaus 1990 (Nierhaus , 2006 . This model also invokes a reciprocal interaction between the E site and the A site, such that when the E site is occupied by a tRNA there is a decrease in A site affinity for a ternary complex (SchillingBartetzko et al. 1992; Nierhaus 2006) . The E site tRNA is normally released after the decoding reaction, but before GTP hydrolysis and just before the A site tRNA long the Y-axis as indicated, to show the backside of SL2.3. Magnifications of the boxed areas show the interactions of SL2.3 (blue) and SL2.1 (purple) with the 40S subunit. The density of the CrPV IGR IRES has been removed for clarity, and a model of the IGR IRES structure is shown. In addition, atomic models of the prokaryotic rRNA and proteins (PDB: 1S1H) have been modeled into the Cryo-EM density (shown as yellow ribbons or orange for Rps5) (Spahn et al. 2004a ). These models reveal an unassigned density at the surface of the ribosome near Rps5 that could be Rps25 (indicated by the green arrow). A protein at this location would be predicted to interact with the CrPV IGR IRES SL2.3 and may interact with SL2.1 with either an N-terminal or C-terminal extension.
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Cold Spring Harbor Laboratory Press on August 27, 2017 -Published by genesdev.cshlp.org Downloaded from is accommodated (Dinos et al. 2005) . Thus, the E site of the ribosome can affect events occurring in the A site of the ribosome. There is precedence for weaker E site tRNA binding to facilitate +1 PRF. For example, the +1 frameshifting that is required for the synthesis of the Escherichia coli release factor 2 (RF2) is dependent on the release of the deacylated tRNA from the E site. Mutations that stabilized the E site tRNA abolished the +1 PRF by preventing slippage of the mRNA (Marquez et al. 2004) . Therefore, if the E site tRNA binding is reduced in the Rps25-deleted strains, then this would be consistent with the increased frameshifting we observed with +1 PRF for the Ty1 signal. Most importantly, both models agree that there is an advantage to the ribosome to have the E site bind the exiting tRNA; therefore, the IGR IRES may have exploited this conserved ribosomal function of E site tRNA binding in order to recruit ribosomes.
Distinct functions of heterogenous ribosome populations
The S. cerevisiae genome underwent duplication followed by a loss of redundant copies from the genome, except for ;10% of the genes, which were maintained presumably because they evolved specialized functions (Kellis et al. 2004) . Yeast have maintained a duplicate copy of many of the ribosomal proteins. Initially, the different growth defects observed for the various paralogs of ribosomal proteins were attributed to differences in protein expression levels, since overexpression of one paralog can rescue the growth defect obtained from deletion of the other paralog (Rotenberg et al. 1988 ). This may be the case with Rps25, since deletion of RPS25B, which is expressed at a lower level, does not affect the growth of cells, whereas deletion of RPS25A does result in a growth defect.
Since Rps25 is not essential for global translation, Rps25a and Rps25b may function to generate specialized ribosomes within the cell that translate a subpopulation of mRNAs. Given that ribosomes are functional without Rps25 and it is a surface protein, it is also interesting to consider whether certain populations of ribosomes may naturally exist that differ in whether they possess Rps25 or not. siRNA knockdown of human Rps25 mRNA does not affect the levels of other ribosomal proteins, suggesting that, in humans as in yeast, Rps25 is not involved in 40S subunit biogenesis (Robledo et al. 2008) .
In mammalian cells, Rps25 expression appears to be regulated both spatially and temporally. Rps25 mRNA is increased to 165% of regular levels in aging rat livers (Lavery and Goyns 2002) , and is increased almost sixfold during amino acid starvation in rat FAO hepatoma cells (Laine et al. 1994) . A 2.1-fold decrease in RPS25 mRNA abundance occurs in rat PC12 pheochromocytoma cells that have been treated with nerve growth factor (Angelastro et al. 2002) . These studies suggest that regulation of Rps25 expression is complex and decoupled from other ribosomal proteins. Rps25 mRNA has been shown to be transcriptionally up-regulated and sequestered in the nucleus by p53 during amino acid starvation in human cells, independent of the coordinated transcription of ribosomal proteins. Export of Rps25 mRNA from the nucleus resulted in an increase in Rps25 protein levels, which was coordinated with induction of apoptosis (Adilakshmi and Laine 2002) . This suggests that Rps25 is involved in an apoptosis signaling pathway, although its role is not understood. Our data suggest that Rps25 plays a critical role in IGR IRES-mediated translation. It may be significant that several mRNAs that have been implicated in programmed cell death contain IRESs in their 59 untranslated region (Bushell et al. 2006; Graber and Holcik 2007; Spriggs et al. 2008 ). In addition, we found that the IGR IRES is translationally up-regulated during stationary phase in yeast (A Dean and SR Thompson, unpubl.) consistent with what has been observed for several endogenous IRES-containing messages that are required for starvation-induced differentiation in yeast (Gilbert et al. 2007) . Taken together, these results suggest that Rps25 protein may be involved in up-regulating IRES-mediated translation of mRNAs during stress.
Clearly, there is still more to understand regarding IRES interactions with the ribosome. Studies are in progress to determine which amino acid residues of Rps25, if any, interact with the IGR IRES. In addition, experiments are under way to determine whether Rps25 is required for cellular IRES translation. It is of significance that we found that the loss of Rps25 completely abolishes the translation of viral IRES-containing mRNAs with only minor effects on global translation. If this protein also interacts with cellular IRESs, it may suggest that Rps25 plays a key role in IRES-mediated translation.
Materials and methods
General yeast and cell culture S. cerevisiae strains used in this study were from the Saccharomyces deletion project: wild-type (BY4741: MATa his3D1 leu2D0 met15D0 ura3D0), rps25aD (BY4657: MATa his3D1 leu2D0 met15D0 ura3D0 rps25aTKanMX), and rps25bD (BY15242: MATa his3D1 leu2D0 lys2D0 ura3D0 rps25bTKanMX) (Winzeler et al. 1999) . rps25aDbD (SRT221: MATa his3D1 leu2D0 lys2D0 ura3D0 rps25aTKanMX rps25bTKanMX) was generated by mating BY4657 and BY15242, sporulating, and dissecting the tetrads using standard genetic techniques (Treco and Winston 2008) . Standard methods were used to grow and transform yeast strains (Becker and Lundblad 1993; Treco and Lundblad 1993) . A Southern blot was performed to confirm that both RPS25A and RPS25B are disrupted in the rps25aDbD yeast strain (data not shown).
HeLa cells (Ambion) were maintained in complete media (high-glucose Dulbecco's modified Eagle's medium [DMEM] supplemented with 10% [v/v] fetal calf serum, 1% [v/v] L-glutamine, 1% [v/v] penicillin and streptomycin) at 37°C and 5% CO 2 .
Plasmid manipulations
A UAA stop codon was inserted into the pS25A rescue plasmid (Open Biosystems, catalog no. YSC3869-9518490) following the RPS25A ORF and before the C-terminal His6 tag by site-directed mutagenesis, as described previously (Deniz et al. 2009 ), using primers (S25addstop_sense, 59-AACCACTTTGTACAAGAAAG CTTAGTTTTCAGAAGCAGTAGCTCTG-39; S25addstop_anti-sense, 59-CAGAGCTACTGCTTCTGAAAACTAAGCTTTCTT GTACAAAGTGGTT-39). To generate a high-copy dicistronic reporter (pSRT209), the BamHI and SalI fragment from pDualLuc (Deniz et al. 2009 ) containing the PGK1 promoter, Renilla luciferase ORF, CrPV IGR IRES (nucleotides 6028-6213), and the DATG firefly luciferase was subcloned into the BamHI and SalI sites of the pRS425 plasmid (Christianson et al. 1992 ). The IGRmut negative control pSRT210 was generated by sitedirected mutagenesis using specific primers (DPKI_sense, 59-CA GATTAGGTAGTCGAAAAACCTAAGAAATTTAGGTGCTAC ATTTCAAGATT-39; DPKI_antisense, 59-AATCTTGAAATGTA GCACCTAAATTTCTTAGGTTTTTCGACTACCTAATCTG-39), as described previously (Deniz et al. 2009 ). The pDEMCV plasmid (Carter and Sarnow 2000) was modified to facilitate cloning by changing the Apa1 restriction site downstream from the firefly luciferase cistron to BamHI, generating pSRT222. To construct the mammalian dicistronic IGR IRES reporter pSRT206, the NheI to XhoI fragment from pDualLuc (Deniz et al. 2009 ) containing the Renilla luciferase CrPV IGR IRES (nucleotides 6028-6213) and DATG firefly luciferase was cloned into the NheI and BamHI sites of pSRT222. The readthrough and miscoding reporters were a generous gift from David Bedwell (Keeling et al. 2004; Salas-Marco and Bedwell 2005) . The frameshifting reporters were a generous gift from Jonathan Dinman (Harger and Dinman 2003) . The HCV dicistronic reporter was a generous gift from Peter Sarnow.
Luciferase assays
The IRES and frameshifting luciferase assays were performed as described previously (Deniz et al. 2009 ). Briefly, the yeast strains were transformed with the indicated reporter plasmid. To measure luciferase activity, cells were grown in SD media at 30°C to mid-log phase. One OD 600 of cells was pelleted and lysed with 100 mL of 13 passive lysis buffer (PLB) for 2 min. Luminescence for each strain was measured using the Dual Luciferase assay kit (Promega), following the manufacturer's protocol, with a Lumat LB 9507 luminometer (Berthold). Each assay was performed in triplicate. IRES activity is expressed as the firefly/ Renilla luciferase ratio, normalized to the firefly/Renilla luciferase ratio of the wild-type strain.
Frameshifting activity was measured using dual luciferase frameshifting reporters (a generous gift from Jonathan Dinman) (Harger and Dinman 2003) . Frameshifting is expressed as the firefly/Renilla luciferase ratio of the frameshifting reporter divided by the firefly/Renilla luciferase ratio of the control, which lacks a frameshifting signal and has both luciferases in the same reading frame. Readthrough and miscoding reporters were a generous gift by David Bedwell (University of Alabama at Birmingham). Briefly, 1 3 10 4 cells were harvested in mid-log phase, and dual luciferase assays were performed in quadruplicate according to manufacturer's protocols (Promega). Firefly luciferase was translated when a readthrough or miscoding event occurred at the stop codon following the Renilla luciferase ORF. The amount of firefly luciferase activity was normalized to Renilla luciferase activity as an internal control. This value was then divided by the firefly luciferase activity normalized to Renilla luciferase from a reporter with no stop or a sense codon present, which would theoretically be 100% readthrough or miscoding, thus giving us a percent readthrough or miscoding value for each reporter. Thus, the percent readthrough or miscoding for each strain is expressed as the firefly/Renilla luciferase activity ratio (stop codon or miscoding reporter) divided by the firefly/Renilla luciferase activity ratio (sense codon or miscoding reporter) multiplied by 100.
To measure luciferase activities in HeLa cells, cells from a sixwell plate were washed with phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl, 10 mM sodium phosphate dibasic, 2 mM potassium phosphate at pH 7.4) and transferred to a microcentrifuge tube. Cells were pelleted by centrifugationand lysed for 15 min at room temperature with 200 mL of 13 PLB (Promega), and 20 mL of lysate were assayed using a Lumat LB 9507 luminometer (Berthold) according to the manufacturer's protocol (Promega). All assays were performed in triplicate.
Polysome profiles
Yeast strains were grown in synthetic minimal media to mid-log phase (OD 600 = 0.6). Cells were chilled on ice and cyclohexamide was added to a final concentration of 0.1 mg/mL. Cells were harvested by centrifugation (13,000g, 5 min at 4°C) and washed once with lysis buffer (20 mM Tris-HCl at pH 8.0, 140 mM KCl, 1.5 mM MgCl 2 , 0.5 mM DTT, 1% Triton X-100, 0.1 mg/mL cyclohexamide, 1 mg/mL heparin). After centrifugation (2000g, 5 min, 4°C), pellets were resuspended in lysis buffer and cells were lysed by glass bead beating. Lysates were cleared by centrifugation and layered on top of a 20%-50% sucrose gradient made in gradient buffer (20 mM Tris-HCl at pH 8.0, 140 mM KCl, 5 mM MgCl 2 , 0.5 mM DTT, 0.1 mg/mL cyclohexamide, 1 mg/mL heparin). Gradients were processed by centrifugation in a Beckman SW41 rotor at 151,263g for 160 min at 4°C. Fractions were collected, and the A 254 was recorded using an ISCO UA-5 absorbance monitor (Teledyne).
40S-binding assays
Yeast were grown in YPD (wild type or rps25aDbD) or synthetic minimal media (rps25aDbD + pS25A) to an OD 600 of 1.0. Then, cells were harvested and lysed by glass bead beating in ribo lysis buffer [20 mM HEPES at pH 7.4, 100 mM KOAc at pH 7.6, 2.5 mM Mg(OAc) 2 , 1 mg/mL heparin, 2 mM DTT, Complete protease inhibitor tablets EDTA-free (Roche)]. Cell lysates were clarified by centrifugation, layered over a sucrose cushion, and spun in a Beckman Type 42.1 rotor at 123,379g for 237 min to pellet the polysomes. The polysomes were resuspended in a high-salt wash [20 mM HEPES at pH 7.4, 100 mM KOAc at pH 7.6, 2.5 mM Mg(OAc) 2 , 500 mM KCl, 1 mg/mL heparin, 2 mM DTT] for 1 h, layered over a sucrose cushion [20 mM HEPES at pH 7.4, 100 mM KOAc at pH 7.6, 2.5 mM Mg(OAc) 2 , 500 mM KCl, 1 M sucrose, 2 mM DTT], and centrifuged in a Beckman TLA 100.3 rotor at 424,480g for 30 min. Polysomes were released from the mRNA by the addition of puromycin (4 mM), and the ribosomal subunits were separated by centrifugation through a 5%-20% sucrose gradient (50 mM HEPES at pH 7.4, 500 mM KCl, 5 mM MgCl 2 , 0.1 mM EDTA, 2 mM DTT). The gradients were fractionated, fractions containing the 40S subunits were concentrated in a Microcon centrifugal concentrator (Milipore), and the gradient buffer was exchanged for subunit storage buffer [20 mM Hepes • KOH at pH 7.4, 100 mM KOAc at pH 7.6, 2.5 mM Mg(OAc) 2 , 250 mM sucrose, 2 mM DTT]. To evaluate the integrity of the purified subunits, RNA was extracted from 20 pmol of purified 40S subunits in ribosome extraction buffer (0.3 M NaOAc at pH 5.0, 12.5 mM EDTA, 0.5% SDS) with phenol (pH 7.0) three times, and once with chloroform. The RNA was precipitated with ethanol and 1 pmol of RNA was separated on a 5% denaturing polyacrylamide gel and visualized with methylene blue (0.04% in 0.5 M NaOAc at pH 5.0).
Radiolabeled CrPV IGR IRES RNA was transcribed from the NarI linearized monocistronic luciferase plasmid (Wilson et al. 2000) . Radiolabeled transcripts were generated with a-32 P-UTP using the T7 RiboMax Transcription kit (Promega). The transcripts were gel-purified on a 6% denaturing polyacrylamide gel and eluted for 12 h in elution buffer (0.5 M NH 4 OAc, 1 mM EDTA, 0.1% SDS). The RNA was extracted once with acid phenol:chloroform (3:1) (Ambion), precipitated with ethanol, and resuspended in H 2 O.
For the native gel shifts 1 nM radiolabeled RNA with 0-286 nM 40S subunits in 13 recon buffer (30 mM HEPES KOH at pH 7.4, 100 mM KOAc at pH 7.6, 5 mM MgCl 2 , 2 mM DTT) was incubated for 15 min at room temperature. Complexes were separated on a 4% nondenaturing polyacrylamide gel. The bands were visualized using a PhosphorImager (Molecular Dynamics).
Filter binding assays were performed with 100 nM purified 40S subunits at a range of concentrations of radiolabeled IRES RNA (from 2 nM to 300 nM) in 13 recon buffer with 50 ng/mL noncompetitor RNA transcribed from the pCDNA3 vector linearized with EcoRI. Reactions were incubated for 20 min at room temperature, followed by filtration through Whatman Protran nitrocellulose filters (Sigma). The filters were washed twice with 1 mL of 13 recon buffer and counted in scintillation fluid using a Wallac 1409 scintillation counter (Perkin Elmer). K d values were calculated from three independent experiments.
rRNA processing
To examine rRNA processing, yeast strains were transformed with pRS426 (Christianson et al. 1992 ), a 2m vector with a URA3 backbone, and were grown in selective media lacking uracil to 0.8 OD 600 . One-hundred microliters of [5, H] uracil (50 Ci/mmol, Perkin-Elmer) were added to the culture for a final concentration of 0.100 mCi for 3 min at 30°C, and the [5, H] uracil was chased with 0.064 mg/mL cold uracil. Samples were removed at 0, 2, 5, and 15 min after addition of the cold uracil and were flash-frozen in liquid nitrogen. RNA was isolated from the samples and run on a denaturing 1% agarose gel in MOPS Buffer (20 mM MOPS, 5 mM NaOAc, 1 mM EDTA at pH7.0), 1% agarose, and 16% formaldehyde. RNA was transferred to a HyBond-N + nylon membrane (GE Healthcare), soaked in amplify (GE Healthcare), dried, and visualized using autoradiography.
Protein synthesis rate
Protein synthesis rates were determined by [
35 S] methionine incorporation. Briefly, wild-type and rps25aDbD yeast strains were grown in selective media without methionine to an OD 600 0.5. At the initial time point, each culture was adjusted with cold methionine (50 mM) and [
35 S] methionine (1 mCi/mL; EasyTag EXPRESS 35 S, 74MBq, Perkin Elmer). At 15-min intervals, the OD 600 was determined, and 1 mL of culture was added to 200 mL of cold 50% trichloroacetic acid (TCA). The samples were incubated for 10 min on ice and 20 min at 70°C, and were filtered through a Whatman GF/A filter. The filters were washed with 10 mL of 5% cold TCA, followed by 10 mL of 95% ethanol, and were dried for 10 min prior to scintillation counting. The protein synthesis rates were determined from three independent experiments.
siRNA and DNA transfections
Custom double-stranded siRNAs that target Rps25 were purchased from Ambion: sense, 59-GGACUUAUCAAACUGGUU Utt-39, and antisense, 59-AAACCAGUUUGAUAAG-UCCtt-39 (siRNA ID #142220). The negative control, a nontargeting siRNA, was purchased from Dharmacon (siCONTROL Nontargeting siRNA #1). HeLa cells were transfected with siRNA by combining 75 mM siRNA with 5 mL of siPORT NeoFX transfection reagent (Ambion) in a 20-mm plate, which was overlaid with 2 3 10 5 HeLa cells in antibiotic-free Complete media. DNA transfections were performed 24 or 48 h post-siRNA treatment using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol, using 4 mg of DNA per well. Cells were harvested for either luciferase analysis at 72 or 96 h or Northern analysis.
Northern analysis
Total RNA was harvested from siRNA-treated cells 48, 72, and 96 h post-transfection with TRIzol (Invitrogen Life Technologies) according to the manufacturer's directions. Four micrograms of RNA were separated on a denaturing agarose gel (0.8% agarose, 16% formaldehyde) in MOPS buffer and transferred to ZetaProbe membrane (Bio-Rad). A radiolabeled Rps25 probe was generated with the Prime-a-Gene kit (Promega) and 32 P-dCTP (PerkinElmer) using a PCR product amplified from a HeLa cDNA pool with the following primers: sense, 59-ATGCCGCCTAAGG ACGAC-39, and antisense, 59-TCATGCATCTTCACCAGC-39. The membrane was hybridized according to the manufacturer's protocol and analyzed by autoradiography. The membranes were stripped at 95°C in stripping buffer (0.1% SSC, 0.5% SDS) and reprobed for b-actin (primers: sense, 59-GCACTCTTCCAGCCT TCC-39, and antisense, 59-GCGCTCAGGAGGGAGCAAT-39).
